Xylem density is a physical property of wood that varies between individuals, species and environments. It reflects the physiological strategies of trees that lead to growth, survival and reproduction. Measurements of branch xylem density, ρ x , were made for 1653 trees representing 598 species, sampled from 87 sites across the Amazon basin. Measured values ranged from 218 kg m −3 for a Cordia sagotii (Boraginaceae) from Mountagne de Tortue, French Guiana to 1130 kg m −3 for an Aiouea sp. (Lauraceae) from Caxiuana, Central Pará, Brazil. Analysis of variance showed significant differences in average ρ x across regions and sampled plots as well as significant differences between families, genera and species. A partitioning of the total variance in the dataset showed that species identity (family, genera and species) accounted for 33% with environment (geographic location and plot) accounting for an additional 26%; the remaining "residual" variance accounted for 41% of the total variance. Variations in plot means, were, however, not only accountable by differences in species composition because xylem density of the most widely distributed species in our dataset varied systematically from plot to plot. Thus, as well as having a genetic component, branch xylem density is a plastic trait that, for any given species, varies according to where the tree is growing in a predictable manner. Within the analysed taxa, exceptions to this general rule seem to be pioneer species belonging for example to the Urticaceae whose branch xylem density is more constrained than most species sampled in this study. These patterns of variation of branch xylem density across Amazonia suggest a large functional diversity amongst Amazonian trees which is not well understood.
Introduction
Xylem tissue (wood) is a complex organic material composed of a matrix of hemicelluloses and lignin in which cellulose fibrils are embedded (Harada, 1965; Hamad, 2002; Pallardy and Kozlowski, 2007) . It has a variety of functions in trees, such as structural support, actuation of the tree itself and of different organs (Niklas, 1992; Fratzl et al., 2008) , long distance transport of water, inorganic ions, organic compounds and proteins from roots to leaves, and storage of water, carbohydrates and fat (Gartner, 1995; Smith and Shortle, 2001; Kehr et al., 2005) . Wood also contains the majority of the carbon stored in a tree (Gartner, 1995) . As the structure of xylem tissue changes as a result of environmental requirements and phylogenetic constrains, so does xylem function (Carlquist, 1975; Tyree and Ewers, 1991; Niklas, 1992; Gartner, 1995; Tyree and Zimmermann, 2002; Bass et al., 2004) and the quantity of stored carbon within this tissue Correspondence to: S. Patiño (sanpatiga@gmail.com) too (Elias and Potvin, 2003) . Density, ρ, (the ratio between oven-dry mass and fresh volume of xylem tissue) is one of the physical properties of wood (Kollmann and Côte, 1984) and provides an index of the balance between solid material (i.e. cell wall, parenchyma) and void (i.e. lumen of fibres, tracheids and conductive elements) of the xylem tissue. Therefore, changes in wood density are directly associated with structural variations at the molecular, cellular and organ levels. These structural differences are strongly correlated with the tree's mechanical properties (Givnish, 1986; Niklas, 1992; Gartner, 1995) , water transport efficiency and safety (Hacke et al., 2001; Tyree and Zimmermann, 2002; Jacobsen et al., 2005; Holbrook and Zwieniecki, 2005; Pittermann et al., 2006) , rates of carbon exchange (Tyree, 2003; Jacobsen et al., 2005; Ishida et al., 2008) and perhaps resistance to pathogens and herbivores (Rowe and Speck, 2005) . Different species from different taxonomic, phylogenetic and architectural groups show convergence of these functional characteristics in response to the environment (Meinzer, 2003) .
In this work we make the distinction between the density of the wood from the main trunk (here defined as wood density, ρ w ) normally measured at 1.3 m from the ground (possibly including both sapwood and heartwood that may have been air or oven-dried) and that of the sapwood or functional xylem of small (ca. 1.5 cm diameter) terminal branches of trees (here defined as xylem density, ρ x ). Xylem density is considered as a potential proxy for tree hydraulic architecture (water transport) (Stratton et al., 2000; Gartner and Meinzer, 2005; Meinzer et al., 2008) . There is evidence supporting the idea that hydraulic architecture may limit tree performance in terms of transpiration, carbon exchange and growth, (Tyree, 2003; Meinzer et al., 2008) . For example, there have been reports showing how ρ x scales negatively with leaf gas exchange and water balance for neotropical forest trees with contrasting phenologies subjected to contrasting rainfall regimes (Santiago et al., 2004; Meinzer et al., 2008) , for neotropical savannah trees (Bucci et al., 2004; Scholz et al., 2007) , Hawaiian dry forests trees (Stratton et al., 2000) and Californian chaparral species (Pratt et al., 2007) . For different environments (California chaparral, South African Mediterranean-type climate, Sonoran desert, Great Basin of central Utah) and for both gymnosperm and angiosperm trees and shrubs with distinct xylem structure (ring porous and diffuse porous), ρ x scales positively with xylem resistance to cavitation and mechanical strength (Hacke et al., 2001; Pratt et al., 2007; Scholz et al., 2007; Jacobsen et al., 2007a, b; Dalla-Salda et al., 2008) . It also, has been proposed that high density wood is necessary to avoid xylem implosion due to negative water tension inside xylem conduits (Hacke et al., 2001) . These findings strongly suggest that xylem density could be used as a "trait" to predict the different physiological strategies of trees in tropical forests.
For any given species ρ x and ρ w should be related (Swenson and Enquist, 2008; Sarmiento et al., 2009) as both reflect an individual species' water transport strategy and mechanical requirements (Asner and Goldstein, 1997; Wagner et al., 1998; Taneda et al., 2004) . Nonetheless, there are many important structural and functional differences between branch and trunk wood as a result of different loading, hydraulic, architectural, and genetic constrains (Zobel and van Buijtenen, 1989; Gartner, 1995; Domec and Gartner, 2002; Cochard et al., 2005; Dalla-Salda et al., 2008) . Trunk wood density may also be affected by factors in addition to those modulating ρ x . For example, it may reflect differences in the storage of resins or variation in the storage of secondary compounds within bole heartwood over time, or intrinsic species-specific differences on wood density gradients within the main trunk Williamson, 1988, 1989; Parolin, 2002; Knapic et al., 2008) . In branches these additional effects may not occur, or at least not to the same extent.
It has long being known that ρ w is a genetically conserved trait, and this characteristic has been used extensively in tree breeding (Zobel and van Buijtenen, 1989; Zobel and Jett, 1995; Yang et al., 2001) . However, in plantations it is well known that for a given tree species, marked variations may also occur due to differences in genotype, climate, soil factors and management (Cown et al., 1991; Beets et al., 2001; Roque, 2004; Thomas et al., 2005) . In neotropical forests, particularly in the Amazon basin, site-specific differences have been noticed when comparing the same species growing in different forests and/or site conditions Gonzalez and Fisher, 1998; Woodcock et al., 2000; Muller-Landau, 2004; Roque, 2004; Nogueira et al., 2005 Nogueira et al., , 2007 Schöngart et al., 2005; Wittmann et al., 2006) . A special case of complex systems seems to be the Amazonian floodplains. When comparing the same species growing on nutrient-rich white water floodplains (várzea) and nutrient-poor black water floodplains (igapó), Parolin (2002) and Parolin and Ferreira (2004) found higher ρ w values in igapó forest. Such differences might have been due to the combined effect of forest successional stages (young successional stages in the várzea and old-growth forest in the igapó) and differences in soil nutrient availability. For Macrolobium acciifolium studied in both habitats at the same successesional stage (old-growth forest) and at the same elevation showed that in várzea ρ w was higher than in igapó (Schöngart et al., 2005) . At the community level, low ρ w is often associated with one or a combination of high soil fertility, high rates of forest disturbance, early and secondary successional vegetation and/or high rates of tree growth and mortality, (Saldarriaga, 1987; Enquist et al., 1999; Woodcock et al., 2000; Roderick and Berry, 2001; ter Steege and Hammond, 2001; Muller-Landau, 2004; Baker et al., 2004b; Nogueira et al., 2005; King et al., 2005 King et al., , 2006 Erskine et al., 2005; Wittmann et al., 2006; Chao et al., 2008; Slik et al., 2008) .
The Amazon Basin is the most diverse and largest contiguous tropical forest on the planet (Malhi and Grace, 2000; Laurance et al., 2004) . Different ecological systems and vegetation formations with contrasting species compositions and life history traits (ter Steege et al., 2000 , geological origins (Fittkau et al., 1975; Quesada et al., 2009a) , climates (Sombroek, 2001; Malhi et al., 2004b) , and an enormous diversity of soils (Sombroek, 2000; Quesada et al., 2009b) exist within its boundary creating a mosaic of forests and vegetation types with such a floristic complexity the basis of which is still not well understood (Phillips et al., 2003) . How and why species are distributed (Leigh et al., 2004; Pitman et al., 2008) , what explains differential productivity and dynamic patterns across Amazonian regions (Phillips and Gentry, 1994; Phillips et al., 2002 Phillips et al., , 2004 Lewis et al., 2004; Baker et al., 2004a) , how much carbon is being absorbed and released to the atmosphere (Grace et al., 1995; Phillips et al., 1998; Malhi et al., 2000 Malhi et al., , 2004 Malhi et al., , 2006 Clark, 2002) , how Amazonian forests are responding to global change (Phillips, 1997; Cox et al., 2000; Laurance et al., 2004; Wright, 2005; Phillips et al., 2009 ) are some of the questions that have motivated this research . By studying ρ x across Amazonia we hoped to gain insights into the understanding of the functioning of Amazonian forests and, for the first time, rigorously examine the importance of both environmental and genetic controls on a plant trait over large scales for the tropical forest biome. By analysing the geographic and taxonomic patterns of branch xylem density from different trees and forests across Amazonia, we address the following three questions:
1. Are there detectable patterns of ρ x across Amazonia? If so, are those patterns related to taxonomic differences and/or to overall site conditions?
2. Are there differences in average values between forests and between different taxonomic groups?
3. Does the xylem density of particular species change across the basin according to the observed regional patterns?
Based on what it is known for ρ w and ρ x we hypothesised that ρ x is a "plastic" trait that reflects both phylogenetic constrains and environmental gradients. We predict that individuals of species that are widespread across Amazonia will show an increase in ρ x as the average-plot ρ x increases and that the intra-specific variation of these common species is larger than the variations of different species growing in the same forest. There is evidence that substantial functional convergence exits between species from different phylogenetic and taxonomic groups in the same environment (Meinzer, 2003) and long term acclimatisation in response to the environment has been observed for xylem tissue (Hietz et al., 2005; Holste et al., 2006) . 
Study sites
Eighty-seven forest plots from across the Amazon basin were sampled, typically at the end of the rainy season, between January 2001 and December 2005. Two plots were sampled in Paracou, French Guiana in September 2007 and seven additional plots were sampled between May 2007 and September 2008 (see details below). The first 82 plots form part of the RAINFOR project (www.rainfor.org; Malhi et al., 2002) and span local, regional and Basin-wide environmental gradients. Many of the plots have been described in detail elsewhere (Vinceti, 2003; Malhi et al., 2004; Phillips et al., 2004; Baker et al., 2004a, b) . The additional seven plots form part of the BRIDGE, ANR project (http://www.ecofog.gf/ Bridge/). Appendix A lists all the plots visited, including those not previously described, and in some cases with updated information.
Sampling of plant material

The RAINFOR protocol
Normally, around 20 trees greater than 10 cm dbh (diameter at breast height i.e. at 1.3 m from the base of the tree) were chosen in each plot for wood density sampling. On some occasions, such as when plots were unusually heterogeneous, as a consequence of topographic variations and/or shape (i.e. 1000×10 m) more trees were sampled (e.g. BOG-plots). For two of the Caxiuana plots (Central Pará, Brazil) we sampled in two consecutive years (2002 and 2003) and since there was no statistical difference in ρ x for the two years, we combined all this data for the following analyses. When a plot was clearly composed of different defined landscapes, and each landscape was considered as an individual plot, on average 10 trees were sampled for each landscape (e.g. Jacaranda Plots, Km 34 Manaus, Brazil).
Trees were not chosen completely at random, sampling within each plot accounted for two factors. First, there was a selection of three to six contrasting areas (e.g. slopes, valleys, gaps, creeks, swamps) where these were present. Secondly, a professional tree climber then chose a "climbable tree" within the identified areas. Naturally, this "climbable tree" varied from climber to climber according to the technique employed and overall climbing skills. Nevertheless a general consideration was that from the "climbable tree", upper branches (exposed to light) of at least three neighbouring trees were reachable, either by moving himself from tree to tree or by using a clipper pole. In each plot we also sampled branches from low, middle and upper crown from a subsample (three to 5 trees) of the total number of trees sampled. These trees were selected on the basis of having three types of branches: upper canopy = exposed to light, middle = midlight and lower = shaded.
The sampling strategy for the Guyaflux plots
For the Guyaflux plots, mostly lower branches from subcanopy trees were sampled using a chain saw manipulated from the ground. To determine if data from lower branches introduces a bias in the data, we compared ρ x of upper and lower branches from our sub-sample of 272 trees. We found no statistical differences between the density of branches from the two positions on the trees (ANOVA, DF =1, F =0.18, P =0.674, mean upper branches=619 kg m −3 , mean lower branches=615 kg m −3 ). The ρ x values of trees sampled at Paracou followed a normal distribution, and included the range of densities measured for ρ w of 309 trees of a neighbouring plot. The composition of the trees sampled was also similar to the abundance distribution of the main families present in the Guyaflux plots (Jacques Beauchêne, BRIDGE unpublished data).
The BRIDGE protocol
For the BRIDGE protocol, the sampling strategy was basically the same: professional climbers selected "climbable trees" and from there moved across the canopy collecting upper branches from 70 to 100% of the trees present in the plots. From these branches 40 to 90% were used for xylem density determinations.
In order to assess the representativeness of the sampling strategy generally utilised across the Basin (usually only 20 trees per one hectare plot), we took advantage of the more comprehensive BRIDGE measurements to assess how representative this sampling strategy really was. Thus, for each comprehensively sampled BRIDGE plot we chose a sub-set of four clusters of five trees selected randomly across the sampled area (this also taking into account any topographic variability), comparing the estimated "plot level" values as calculated from these twenty trees only with the true plot mean.
Species identification
Details of the species identification from the permanent plots are described elsewhere (Baker et al., 2004b) and in this work we have used the new classification given by the Angiosperm Phylogeny Group II (APG 2003, http://www.mobot.org/ MOBOT/Research/APweb/), in which Bombacaceae, Sterculiaceae, and Tiliaceae are all included in the Malvaceae; Papilionaceae, Caesalpinaceae, and Mimosaceae are included in the Fabaceae; Cecropiaceae in the Urticaceae; and Flacourtiaceae in the Salicaceae.
Xylem density determinations
A pair of consecutive segments of 0.05 to 0.1 m long and 0.01 to 0.02 m diameter were cut from each branch after harvesting and immediately placed in plastic bags to avoid desiccation and returned to the laboratory or field station. Normally within 12 h of sampling (but sometimes as long as 36 h later) the outer bark and phloem were removed from one of the two sample stems (the second sample was dried with the leaves and stored for possible further analysis) and its fresh volume calculated from its length and the average diameter of the two perpendicular diameters at each end. When the pith was wider than 2 mm diameter the stem was cut into a small segment (0.02 to 0.05 m long) and the pith removed with a small screw driver or scalpel. When the pith was thinner than 2 mm it was not removed from the stem (as it was thus assumed to be of negligible mass) but its volume subtracted from the volume of the stem without bark. Pith volume was calculated by measuring the average diameter (two measurements of diameter at each end of the stem) and stem length. All stems were then dried at 70-90 • C for three to four days (to constant mass) and weighed. Xylem density, ρ x , was then determined as the dry mass divided by the green volume of the sample. 
Statistical analysis
Basic statistics shown in Figs. 1, 3 and 4 were performed with Minitab 15 (Minitab Inc.). In order to apportion the variance within the dataset (Searle et al., 2006) into geographical and taxonomic components, we fitted a model according to
where µ represents the overall mean of the dataset (619 kg m −3 ); effects of location are incorporated in the term r/p, which denotes that within each region (r) are nested more than one plot (p); genetic effects are represented by the term f /g/s, which denotes that within each family (f ) are nested various genera (g), within which are nested several species (s); and (ε) represents the residual variance. All effects were taken as random variables, as we had sampled only a limited subset of plots within distinct but not comprehensive regions; we also sampled a more or less random (and incomplete) selection of Amazon families, genera and species. Variance partitioning for Fig. 5 was accomplished by applying Residual Error Maximum Likelihood (REML) analysis (Gilmour et al., 1995) employing GENSTAT Discovery Edition. All Standard Major Axis line-fittings for Fig. 6a , b, c were undertaken using SMATR package (Warton et al., 2006) . Mixed-effect modelling ( Fig. 7) was carried out using "lmne" (Bates and Sarkar, 2007) and rank-based linear regression ( Fig. 8 ) accomplished as in Terpstra and McKean (2005) , both using the "R" statistical computing package (R Development Core Team, 2007) . For the latter analysis, we applied the "high-breakpoint" option to account for the possibility of "contaminated" data having been included in any of the ρ w values assimilated from a wide range of sources into the RAINFOR "wood density" database.
In order to determine the extent to which ρ x changed 1) in a given species within the same plot and between plots and 2) to estimate the variation within a given plot we calculated IPP (index of phenotypic plasticity) and IV (index of variation) respectively (Valladares et al., 2000) . IPP and IV were computed as the, absolute difference between the maximum value and the minimum value divided by the maximum value.
Results
We measured ρ x of 1653 trees (see supplementary material:
http://www.biogeosciences.net/6/545/2009/ bg-6-545-2009-supplement.zip) from 87 plots (Appendix A) across the Amazon basin. Data for ρ x followed normal distribution with mean and median values of 619 kg m −3 and 612 kg m −3 , respectively; normality test (StDev=0.124, N=1653, AD=1.202 P <0.005).
Of all the trees sampled, 95% (1568) had been identified to the family level, 89% (1475) to the genus level, and 72% (1199) to the species level. The trees sampled accounted for 60 families, representing 41% of the total number of families present in the neotropics (Mass and Westra, 1993) with 283 genera, and 598 species being sampled. The most common families sampled in our data set in order of abundance were Fabaceae, Sapotaceae, Lecythidaceae, Moraceae, Burseraceae, Myristicaceae, Lauraceae, Annonaceae, Euphorbiaceae, Chrysobalanaceae, with the most common genera being Eschweilera, Pouteria, Protium, Inga, Licania, Virola, Pseudolmedia, Pourouma, Lecythis, Miconia. The most common species were Eschweilera coriacea, Pseudolmedia laevis, Rinorea guianensis, Tetragastris altissima, Minquartia guianensis, Pourouma guianensis, Pseudolmedia macrophylla, Lecythis persistens, Miconia poeppigii, and Pourouma minor. At the family level we had 86 (5%) undetermined individuals. At the genus level we had 21 undetermined Protium sp., 18 Pouteria sp., 14 Inga sp., 11 Ocotea sp., 11 Eschweilera sp., 10 Virola sp. among others. The distribution of families and genera in our dataset represents well previous descriptions of floristic composition across Amazonia (Terborgh and Andresen, 1998; ter Steege et al., 2000 .
Geographic variation
Arithmetic means of ρ x for the 87 plots are shown in Fig. 1 , which also shows our separation into 13 discrete geographical regions mainly determined by the proximity of plots. These regions are used for subsequent analysis.
From Fig. 1 a gradient of increasing ρ x from North and South towards the Amazon River is apparent with high ρ x being concentrated along the river itself. Plots located close to the Andes, North and South from the Amazon River tended to have the lowest ρ tended to have lower ρ x compared to regions paralleling Amazon River (some plots in N-Peru and Colombia, AM-Brazil, WP-Brazil, CP-Brazil, EP-Brazil). To explore this trend, plot coordinates (latitude and longitude), altitude, mean annual temperature, and mean annual rainfall (see Appendix A) were plotted against xylem density (Fig. 2) . High density sites were located between 0 • and −5 • while low density sites occurred in all the latitudinal range covered by this study: ≈10 • to −15 • (Fig. 2a ). Xylem density also tended to increase from West to East (Fig. 2b) as has been reported for ρ w (Baker et al., 2004b; Chave et al., 2006; . The western margin is marked by the low ρ x of the Ecuadorian plots (Fig. 2b) . These were the plots closest to the Andes with higher altitudes (Fig. 2c ), lower annual mean temperatures ( Fig. 2d ), higher annual rainfall ( Fig. 2e ), and more fertile soils Quesada et al., 2008) . The Eastern most plots, located in EP-Brazil include a mangrove forest which had higher ρ x than rest of forest plots in the same region (Region 12, Fig. 1 ). An inverse relationship between altitude and ρ x (Fig. 2c ) and a positive relationship with average air temperature ( Fig. 2d ) points to an effect of environmental conditions upon ρ x . Low density sites are found in the two extremes of the rainfall range ( Fig. 2e ). In the low rainfall range (Bolivia and NE-Venezuela for example) there are the Bolivian seasonally flooded (LSL-01 and LSL-02), liana (CHO-01) and gallery forests plots (HCC-21 and HCC-22) where soils may retain enough soil moisture thus high soil water potential during the dry season. In the rest of the Bolivian and Venezuelan forests, trees may have distinct mechanisms common in seasonal forests such as low density wood, high stem water storage capacity and/or deciduous leaves (Choat et al., 2005) to cope with prolonged drought. In the high rainfall range there are the low density Ecuadorian sites and the intermediate density Guiana plots.
Taking the Basin as a whole (no division into regions), statistically significant differences existed between plot means (P <0.001) ranging from 800±50 kg m −3 (± standard deviation) at the dry experimental plot at Caxiuana (Projecto Secaflor), CAX-04, with the nearby control plot CAX-03 being the second highest at 780±120 kg m −3 . These are both terra firme forests on acrisol soils with 80% sand in its upper layer (Quesada et al., 2009b) . The lowest plot means were for TAM-03, a swamp forests in Tambopata, and JAS-05 a forest growing on recently deposited river sediments (fluvisol) in Jatun Sacha in Ecuador. Both these plots had a mean ρ x of 470 kg m −3 . Data for all 87 plots are summarised in Appendix B. Figure 3 gives means (± standard deviations) for all plots, grouped according to region, with regions being presented sequentially from top to bottom according to the overall mean ρ x for the trees sampled within them. This shows that, although considerable plot-to-plot variation existed within regions (e.g. N-Perú and Colombia) large statistical differences between regions also existed (P <0.001). Of these, the highest overall value was for CP-Brazil (754±126 kg m −3 , N=143) which had significantly higher ρ x (Tukey Test) than the rest of the regions while Ecuador had the lowest overall values (535±89 kg m −3 ). Nevertheless, Ecuador did not differ significantly from Bolivia, S-Perú and AC-Brazil, MT-Brazil, and Colombia. Within some regions: PC-Brazil, PE-Brazil, N-Perú, PW-Brazil, Colombia, S-Perú, MT-Brazil and Ecuador, mean ρ x of plots varied considerably (Appendix B), while in some regions Bolivia, AC-Brazil, NE-Venezuela, SW-Venezuela, plots were not significantly different from each other. The most variable plots were TAP-04, CAX-02, 0.76 and 0.73, respectively) with the least variable being BNT-04, YAN-02, ALP-12 and TAP-03 (IV=0. 24, 0.27, 0.27, and 0.27, respectively) . IV values for all the plots can be seen in Appendix B.
Taxonomic variation
In a similar manner to the Region/Plot analysis above, variation in ρ x at the family and genera level is summarised in Fig. 4 . Overall there were significant differences between the families sampled (F =8.08 DF=57 P <0.001). Families with ρ x higher than the basin mean were Olacaceae, Celastraceae, Chrysobalanaceae, Humiriaceae, Ochnaceae, Linaceae, Scrophulariaceae, Myrtaceae, and Lecythidaceae. Families with lower ρ x were Boraginaceae, Bixaceae, Sabiaceae, Lepidobotryaceae, Lacistemataceae, Rhamnaceae, Malvaceae, Annonaceae, Myristicaceae, Urticaceae, Vochysiaceae, Araliaceae, Dichapetalaceae, Bignoniaceae, and Euphorbiaceae. The remaining families all contained genera characterised by both high and low ρ x and include some of the most abundant families across the basin: Fabaceae, Rubiaceae, Lauraceae, Sapotaceae, Apocynaceae (Fig. 4 ). There were also significant differences between genera (F =3.78 DF=249 P <0.0001) with the highest density genera being Aiouea, Callichlamys, Pithecellobium, Vatairea, Stachyarrhena, Dipteryx, and Machaerium. The genera with the lowest densities were Annona, Matisia, Tetrorchidium, Collophora, Onychopetalum, Hyeronima, and Luehea.
Partialling out geographical and taxonomic differences
Results of this analysis are shown in Fig. 5 . Taxonomic variance in ρ x was inferred as 33% of the total variance in the dataset, with species and family accounting for 19% and genus per se accounting only for 9%. Taken together, the geographical parameters (region and plot) accounted for 26% of the total variation with 20% of this being attributable to between region variation (this represents the average variation between plots in any one region). Overall, the proportion of the variance in the dataset that remained unexplained was 41%. This is the "residual variance" reflecting tree-totree variation within individual species, perhaps as a result of architectural changes due to space constraints (Cochard et al., 2005) , but also incorporating any measurement error. The analysis here differs from others (Baker et al., 2004b; Chave et al., 2006) in that we have not taken overall means for each species, but rather included intra-specific variation and the possibility of systematic plotto-plot variations in our interpretation. Figure 5 thus suggests that geographic location is as important as taxonomic identity in determining the value of ρ x observed for any given tree but with considerable variation accountable for by neither. The first point is demonstrated further in Fig. 6 , where we have taken the more widely abundant families ( Fig. 6a ) genera ( Fig. 6b ) and species (Fig. 6c ) in our data set and plotted the average values observed in each of the plots were they were sampled as a function of the average density of all other trees sampled in the same plot. Our hypothesis had been that ρ x of the most abundant families, genera and species across the basin would scale isometrically with the average of all other trees in the plot where they were found and thus we rationalised that ρ x of individuals of the same species growing in different forests will reflect the mean values of the other trees in the same plot. Thus, we tested for a common slope amongst all the groups containing more than four observations at each taxonomic level. We found significant statistical indications that at the three levels there where common slopes, but in all cases the slopes fitted were significantly greater than 1.0: for families the common slope was 1.45, for genera 1.40 and for species 1.28 (Appendix C). We further tested for differences in elevation and shift across the SMA common slope and at the three levels there were significant shifts in elevation and along the common slopes. Notable exceptions did however exist for the Urticaceae (Fig. 6a , panel T), that consist mostly of pioneer species (Whitmore, 1989) . Non-significant relationships might be related to the "pioneer" character of the examined species i.e. Pourouma minor, Pourouma guianensis and also related to the reduced number of observations. Detailed outputs of all the analyses are given in Appendix C.
Geographical and taxonomic contributions to stand level differences
In order to evaluate the extent to which overall plot-to-plot variation might be caused by geographical or taxonomic effects, we utilised estimates of the individual plot and species effects from Eq. (1) and compared them to direct stand-level calculations. This was achieved by first estimating the average value for each species within each plot and then obtaining a weighted average value for ρ x for that plot according to the observed abundance of each species within it, denoted here as ρ x . A similar calculation was done for the REML "species effects" which are plotted along with REML fixed plot effects (the r/p term from Eq. 1) as a function of ρ x in Fig. 7 . This analysis shows that by far the most of the variation in ρ x was accountable in terms of plot-to-plot differences, with the plot effects increasing almost linearly with ρ x with a slope close to 1.0. By contrast the species (i.e. f/g/s) effects were more or less constant (and close to zero) for ρ x > ca. 550 kg m −3 , although declining slightly thereafter. We treated our plot term as a fixed effect for the analysis in Fig. 7 (as opposed to a random effect in Fig. 5 ), as this permitted us to allow for different plots to have different intrinsic variances consistent with differences in topography and soils heterogeneity between the various plots. This also removed a slight bias in the residuals which was present when treating the r/p term as random. 
Phenotypic plasticity and index of variation
In order to determine the intra-specific variation we compared the IPP of the same species collected several times within one plot and over several plots. The IPP of individual species collected in more than two plots (mean=0.29±0.13, N=19) was significantly higher (mean=0.15±0.07, N =86) than the variation of the same species collected more than twice within one plot (DF=1, F =16.24, P <0001). IPP values are given in Appendix D.
Discussion
Our results show that there are significant variations of branch xylem density across Amazonia with regional and local patterns and with considerable plasticity observed for many species growing in different forests. This suggests that branch xylem density may not be a simple genetically inherited trait that is predictable on the basis of the knowledge of plant taxonomy alone, and that across the Basin patterns of branch xylem density may not be only explained by patterns of species composition and abundance as has previously been considered to be the case for ρ w (Baker et al., 2004b; Chave et al., 2006; .
Regional variations of ρ x could be explained by spatial patterns of climatic factors (Sombroek, 2001; Malhi and Wright, 2004) , geomorphologic and geochemical conditions (Fittkau et al., 1975) 2006). Local differences may be associated to topographic and physiognomic variations along with soil chemical and physical properties. In plantations it is well known that the addition of nutrients (e.g. N and/or P ) reduces wood density (Beets et al., 2001; Wang and Aitken, 2001; Thomas et al., 2005) and plots paralleling the Andes generally have higher soil P availability than those paralleling the Amazon River (Quesada et al., 2009b) . Patterns of ρ x across Amazonia support the idea that species are not randomly distributed across landscapes but follow the "habitat tracking" hypothesis (Ackerly, 2003) . For example, irrespective of the taxonomic level examined (Fig. 6) , ρ x observed varied by as much as 400 kg m −3 across sites. Moreover, this variation was systematic with different trees sampled within a given family/genus/species tending to have higher values of ρ x along with other trees in the same plot (and vice versa). At each taxonomic level there was a common slope which was steeper than one, indicating that, at least for the widespread species examined in this study there exists considerable phenotypic plasticity in ρ x ; i.e. there is long term acclimation and thus adaptation of the xylem tissue to any given environment. That the slopes in Fig. 6 fitted through SMA are consistently greater than 1.0, suggests a continual replacement of species towards the maximum end of their ρ x range by species with a characteristically lower ρ x under the same growth conditions. Additional evidence for widespread plasticity comes from the REML variance partitioning of Fig. 5 in which the combined effects of Region/Plot are shown to have contributed to about the same proportion of the overall variation in the data set as did Family/Genus/Species. Since wood density is an important parameter in estimating forest carbon stocks (Baker, 2004a) one question to answer was: can ρ w be predicted by knowledge of ρ x ? We examined our species level means for ρ x as a function of species mean ρ w using an expanded database (RAIN-FOR wood density data base) from that presented in Baker et al. (2004b) . We found a reasonably good relationship (Fig. 8a ). Similar results have been shown for Puerto Rican (Swenson and Enquist, 2008) , Colombian (Juliana Agudelo and Pablo Stevenson, unpublished data) and Guiana forest species (Sarmiento et al., 2008) . It is worth noting that the average ρ x for this study i.e. for the Amazon basin, (619 kg m −3 ) is very similar to previous values reported for ρ w for Amazonia. For example, Brown et al. (1984) estimated 620 kg m −3 as the average wood density of tropical America, Chave et al. (2006) reported 650 kg m −3 for Central and South America together and (Baker et al., 2004b) estimated 620 kg m −3 as the overall species-level mean for Amazonia.
As reflected in Fig. 8b , our results do, however, differ from Baker et al. (2004b) and Chave et al. (2006) in that whilst all of their variation in ρ w was attributed to genotype, in our case, variations in ρ x are also attributable to both site and genetic variations. There is a strong tendency of many species, genera and even families to be geographically confined to certain areas of the Basin and thus, if there is some equivalence between ρ x and ρ w , what has previously been interpreted as a solely genetic effect for the latter, may in fact be partly a geographic (site and regional) effect: this being attribute to variations in climate, and soils. In that respect it is only by studying replicated species growing across a wide range of environments that we have been able to show the strong environmental influence on ρ x (and by implication ρ w ). For example we show that altitude is negatively correlated with ρ x (Fig. 2c) and this effect has been suggested for ρ w Chave et al., 2006) . Temperature was also positively correlated with ρ x as shown in Fig. 2d . The physical basis of this effect of temperature on wood density (water viscosity decreases as temperature increases) has been proposed by Roderick and Berry (2001) and has been experimentally supported by Thomas et al. (2004) . There is also evidence that physical and chemical properties of soils may have an influence ρ w (Hacke et al., 2000; Parolin, 2004; Parolin and Ferreira, 2004) . In essence the REML species effect in Fig. 8b for ρ x represents the inferred value that each species would have were it to be found on some sort of "overall average site".
It is also worth noting that, in contrast to the general trend, long-lived pioneer species (Whitmore, 1989) within the Urticaceae often associated to gap colonisation, secondary vegetation and/or late stages of forest succession, showed little tendency to exhibit variation in ρ x across the sites where they were found (Fig. 6a, panel T, respectively) . This brings the question of whether species showing little phenotypic plasticity and intermediate ρ x values are present in sites where the majority of trees have relative low xylem density. These species when found in terra firme old grow forests (this study) may be more restricted to specific edaphic and microclimatic conditions that sustain colonisation and fast growth (i.e. gaps with enough water supply from the soil, nutrients, optimal temperature, not too much wind, sufficient light). This is because if they where in a high density site (stressful conditions) they could not cope with the environment. Also, species such as Pourouma minor and P. guianensis, which are generally considered low-density, fast-growing species did not have the lowest branch densities in our study; xylem density varied from 410 to 690 kg m −3 ; comparable to some of the slow-growth climax species observed.
Further evidence of the influence of site conditions on ρ x of trees comes from our own data. In a Mangrove forest in East Pará, Brazil (EP-Brazil, BRA-01, Appendix A) only two species were sampled (10 individuals per species) Avicennia germinans and Rhizophora mangle which mean ρ x were 722±87 kg m −3 and 723±99 kg m −3 , respectively. The two species are not phylogenetically related since they belong to two different families (Scrophulariaceae and Rhizophoraceae) and two different orders (Lamiales and Malpighiales). Nevertheless they converged to an almost identical high ρ x . Mangroves are well known for having special water dynamics, fluctuating salinity, low oxygen concentration in the soil, and particular soil chemical and physical characteristics (Lovelock et al., 2006a) . These environmental factors constrain tree water relations, gas exchange and growth (Lovelock et al., 2006b) .
As suggested from experimental studies done on different species from different environments, high ρ x is an adaptive response to severe environmental conditions such as drought (Dalla-Salda et al., 2008) , high temperature (Thomas et al., 2004) , porous soils (Hacke et al., 2000) , poor nutrient conditions and long periods of high floods (Beets et al., 2001; Wang and Aitken, 2001; Thomas et al., 2005; Wittmann et al., 2006) . For Amazonian species it is difficult to imagine that high ρ x , of the order we have found (for example from 750 kg m −3 to 1130 kg m −3 ) are directly associated with extreme drought conditions -those regions of the Amazon where severe water stress is most likely to occur are those regions with a long dry season i.e. Bolivia, parts of Venezuela, Guiana, and East Brazil. These regions were characterised by low and intermediate ρ x . High xylem density most likely is related to variation in resource availability and/or different site dependent soil physical characteristics and hydrological constraints. ρ x is a trait that reflects environmental constrains (Cochard et al., 2008) , and so aggregation of species according to ρ x (ter Steege et al., 2006, for example) should also reflect environmental constraints imposed upon "species" of trees. We conclude that variations of ρ x across basin reflect an enormous functional diversity among trees and Amazonian forests. Any change in ρ x may reflect changes at various levels of organisation. For example, as ρ x increases, microfibril angle, cell wall thickness, modulus of elasticity and resistance to cavitation also increase, but hydraulic efficiency and rates of gas exchange decrease. Additional studies on these subjects, particularly how variations in ρ x relates to other plant physiological characteristics (e.g. Fyllas et al., 2009 ) are needed to better understand the functional diversity of Amazonian trees.
Appendix A
Description of forests plots from which ρ x data was obtained.
More precise coordinates will be available (Andersoson et al., 2009) Abbreviations in regions are: AC=Acre, AM= Amazonas, MT=Mato Grosso, CP=Central Pará, EP=East Pará, WP=West Pará, N=North, S=South, NE=North East, SW=South West. * * not a permanent plot, samples were taken from trees around the Eddy covariance tower, -data not available. Additional information of plots can be found in: (Malhi et al., , 2003 Vinceti, 2003) . 
Appendix B
Analysis of variance for each region. In the first column, the number below the name of the region is the mean followed by the standard deviation in parenthesis of that region. DF=degrees of freedom; F=statistical values, P=probability, N=number of samples, SE=standard error of mean, StDev=Standard deviation. IV=index of variation and plots size are also given; * after plot code means "significantly different" (Tukey test) and * * "not a permanent plot".
Appendix C
Pairwise relationships between average plot ρ x and average ρ x of family (Table C1) , genera (Table C2 ) and species (Table C3). Slope of the SMA, Pearson's R correlation coefficient, sig the significance of the correlation, and n the number of cases used, sig: * * * * <0.001, * * * <0.01, * * <0.05, * <0.1, ns=not significant. 
